INTRODUCTION
============

Cell surface receptor leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) is known as a stem cell marker in various organs and tissues including the gut, stomach, hair follicles, mammary gland, kidney, ovary, and neural tissue \[[@b1-en-28-628], [@b2-en-28-628]\]. LGR5 is a receptor for the R-spondin family of ligands and R-spondin-mediated activation of LGR5 promotes Wnt/β-catenin signaling. This process contributes to stem cell proliferation and self-renewal \[[@b3-en-28-628]\].

Wnt/β-catenin signaling is also known to be associated with meningioma and pituitary adenoma \[[@b4-en-28-628]\]. Although a recent study reported that LGR5 was significantly overexpressed in pituitary adenomas compared to normal pituitaries, to the best of our knowledge, there are no further studies regarding the association between LGR5 and meningioma and pituitary adenoma \[[@b5-en-28-628]\]. Therefore, we wanted to identify the possible association between LGR5, as well as its downstream signaling proteins, and meningioma or pituitary adenoma tissue in comparison to normal brain tissue. Knockdown of *LGR5* would be a good way to confirm the intracellular signaling proteins that would be associated with LGR5 and how they are associated with human brain tumors. However, human brain tumor tissues obtained from patients cannot be used for the genetic modification of LGR5.

Neuroblastoma is the most common extracranial solid tumor in childhood cancer. It arises from neural crest progenitor cells and can develop anywhere along the sympathetic nervous system \[[@b6-en-28-628]\]. LGR5 is highly expressed in high-grade neuroblastomas, and LGR5-activated Wnt/β-catenin signaling has been reported to play a critical role in neuroblastoma cell proliferation \[[@b7-en-28-628]\]. Indeed, short-interfering RNA (siRNA)-mediated knockdown of *LGR5* causes dramatic Wnt-independent apoptosis in neuroblastoma cells, suggesting that LGR5 is also required for the survival of neuroblastoma cells \[[@b7-en-28-628]\]. However, the specific intracellular proteins affected by knockdown of *LGR5* have not yet been described. Their identification will help to understand LGR5-related signaling pathways that may play crucial roles in neuroblastoma. Since meningioma and pituitary adenoma are associated with Wnt signaling, we further investigated the role of LGR5 on these tumors \[[@b8-en-28-628], [@b9-en-28-628]\].

Thus, the present study aimed to investigate whether the expression of LGR5 was different in meningioma and pituitary tumors compared with normal brain tissue in humans and to reveal proteins associated with LGR5 through siRNA-mediated knockdown of *LGR5* in neuroblastoma cells. In addition, the roles of LGR5 and its downstream signaling proteins in the proliferation and survival of neuroblastoma cells were assessed. Finally, we evaluated the differences between LGR5-regulated proteins in meningioma and pituitary adenoma compared with normal brain tissue.

MATERIALS AND METHODS
=====================

Preparation of human brain tumor tissues
----------------------------------------

Human brain whole tissue lysates and brain tissue slides from normal adults were obtained from Novus Biologicals (Littleton, CO, USA). The brain tumor tissue samples were obtained from patients who underwent surgical resection of meningioma and pituitary adenoma at the department of neurosurgery of Hanyang University Medical Center (Seoul and Guri), Korea, from November 2016 in Guri and March 2017 in Seoul. Resected fresh tumor tissues were collected during surgery, these samples were then immediately submitted to the laboratory for storage at −80°C in a facility which is located very near the operation room.

The study protocol was reviewed and approved by the Institutional Review Board in both Seoul (IRB No. 2017-02-016) and Guri Hospitals (IRB No. 2016-10-002) and adhered to the tenets of the Declaration of Helsinki. All patients provided informed written consent prior to participation in this study.

MRI acquisition and histological sample preparation for light microscopy
------------------------------------------------------------------------

All brain MRI images were acquired using Philips 3.0 Tesla MRI scanners (Ingenia CX and Achieva, Philips Medical Systems, Best, The Netherlands) in both hospitals.

Fresh tumor tissues were fixed in 10% formalin for 24 h, then grossed and placed for processing in an automated tissue processor (Thermo Fisher Scientific, Sydney, Australia). The tissue sections were sliced at 5 μm thickness using a microtome. Hematoxylin and eosin (H&E) stains were performed using a Tissue-Tek Prisma^®^ E2D automated slide stainer (Sakura Finetek Japan Co., Ltd., Tokyo, Japan), following the respective standard protocols. All histopathological diagnoses established according to the World Health Organization (WHO) classification were additionally reviewed by two pathologists (K.W.M, Y.H.O) \[[@b10-en-28-628], [@b11-en-28-628]\].

Cell culture of SH-SY5Y cells
-----------------------------

SH-SY5Y cells were obtained from the Korean Cell Line Bank (KCLB). Cells were plated on culture dishes and cultured in MEM medium \[1× Minimum Essential Medium (MEM, Gibco, Frederick, MD, USA), 25 mM HEPES, 25 mM sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA), 90%; heat-inactivated fetal bovine serum (FBS, Gibco), 10%\]. The media was changed every 3\~4 days, and cultures were maintained at 37°C under a humidified 5% CO~2~ atmosphere.

LGR5 knockdown
--------------

SH-SY5Y cells were seeded at a density of 2.5×10^6^ cells/cm^2^ in two six-well culture plates and cultured in antibiotic-free normal growth medium supplemented with FBS. Cells were incubated up to 60\~80% confluency for 18\~24 h and *LGR5* knockdown was performed via *LGR5* siRNA transfection. First, 10 μM of *LGR5* siRNA duplex (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in opti-MEM medium (Gibco) was mixed with lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) diluted in opti-MEM medium (Gibco) at a ratio of 1:1 according to the manufacturer's instructions. After 5 m incubation, the mixed solution was added to cells at different concentrations (30, 40, 50, 80, and 160 μM) with culture medium. The transfected cells were analyzed after 24 h at 37°C in a CO~2~ incubator. A control using 10 μM siRNA duplex (Santa Cruz) was produced by the same method. LGR5 siRNA is a pool of 3 different siRNA duplexes. A, 5′-GGAUGACAAUGCGUUAACAtt-3′ (sense), 5′-UGUUAACGCAUUGUCAUCCtt-3′ (antisense); B, 5′-CUCCAACCUUAAAGAAC-UAtt-3′ (sense ), 5′-UAGUUCUUUAAGGUUGGAGtt-3′ (anti-sense); and C, 5′-GAA-AGAUGCUGGAAUGUUUtt-3′ (sense), 5′-AAACAUUCCAGCAUCUUUCtt-3′ (anti-sense). Control siRNA duplex: 5′-UUCUCCGAACGUGUCACGUtt-3′ (sense), 5′-ACGUGACACGUUCGGAGAAtt-3′ (anti-sense).

Western blot analysis
---------------------

Expression levels of LGR5, active β-catenin, cyclin D1, c-myc, hnRNPA2B1, and hnRNPH3 in human normal and collected brain tumor tissues and knockdown of LGR5 in SH-SY5Y cells were confirmed by western blot analysis \[[@b12-en-28-628], [@b13-en-28-628]\]. Briefly, sample tissues and cells were washed twice with cold D-PBS and incubated for 30 m on ice after the addition of lysis buffer (RIPA II cell lysis buffer 1× with Triton, without EDTA; 1 mM phenylmethyl-sulfonyl fluoride (PMSF); 1 mM sodium fluoride (NaF); 1 mM sodium orthovanadate (Na~3~VO~4~); and 0.5% protease inhibitor cocktail 1×). Next, the tissues and cells were sonicated (Sonoplus, Bandelin Electronics, Berlin, Germany) and incubated for 30 m on ice. The resulting lysates were then centrifuged at 16,200×g for 15 m and the protein concentrations of lysates were determined using a Bio-Rad (Hercules, CA, USA) protein assay kit. Normal adult human brain whole lysates (Novus Biologicals) and lysate samples containing equal amounts of protein (tissues, 30 μg; cells, 25 μg) were resolved by 4\~12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Invitrogen). After SDS-PAGE, proteins were transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). Membranes were blocked with 2% skimmed milk and incubated with a specific primary antibody. The antibodies used in these experiments were as follows: LGR5 (1:200, Santa Cruz), active β-catenin (1:1000, Cell Signaling, Beverly, MA, USA), cyclin D1 (1:2000, Cell Signaling), c-myc (1:1000, Cell Signaling), GAPDH (1:4000, Cell Signaling), hnRNPA2B1 (0.75 μg/ml, Abcam, Burlingame, CA, USA), and hnRNPH3 (1:75, Santa Cruz). After washing membranes three times with Tris-buffered saline containing 0.1% Tween-20 (TBST), membranes were hybridized with Horseradish Peroxidase (HRP)-conjugated anti-mouse antibody (1:2000, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or HRP-conjugated anti-rabbit antibody (1:2000, Jackson ImmunoResearch Laboratories) followed by using a West-Q Chemiluminescent Substrate Kit (GenDEPOT, Katy, TX, USA). Blots were quantified with an image analyzer (ImageQuant LAS 4000; GE Healthcare, Little Chalfont, UK).

Immunohistochemistry
--------------------

For immunohistochemistry, human brain normal and tumor tissues (meningioma and pituitary adenoma) were fixed with paraffin. First, fixed tissues were subjected to deparaffinization and hydration processes. The tissues were washed with xylene 4 times, 100% ethanol 2 times, 95% ethanol, 80% ethanol, 70% ethanol, 50% ethanol, and auto-distilled water for 3 m each step. Antigen retrieval was induced from deparaffinized and hydrated tissues using pre-heated 0.01 M sodium citrate (pH 6). The tissues were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in 0.01 M PBS for 5 m. Next, H~2~O~2~ was used to block endogenous peroxidase activity of the tissues for 10 m and 10% FBS (Gibco) was used as the blocking solution for 1 h. The tissues were then incubated overnight with specific primary antibodies in 0.5% FBS at 4°C. The antibodies used in these experiments were hnRNPH3 (1:300, Santa Cruz) and LGR5 (1:60, Abcam). The following day, the tissues were washed and incubated with secondary antibodies in 0.5% FBS for 3 h. Tetramethylrhodamine goat anti-mouse IgG (Invitrogen) and Alexa Fluor^TM^ 488 goat anti-rabbit IgG (Invitrogen) were used as secondary antibodies. Finally, the tissues were mounted with DAPI mounting solution (Vector Laboratories Inc., Burlingame, CA, USA). Throughout the procedure, the tissues were washed three times with 0.01 M PBS between each step. Immunohistochemically positive cells were identified under a confocal fluorescence microscope (Nanoscope systems Inc., Daejeon, Korea).

Proteomics
----------

### Protein sample preparation

SH-SY5Y cells treated with LGR5 or control siRNA were collected and washed several times with D-PBS to remove salts and lipids. The cells were then lysed in lysis buffer consisting of 7 M urea and 2 M thiourea containing 4%(w/v) 3-\[(3-cholamidopropyl) dimethylammonio\]-1-propanesulfonate (CHAPS), 1% (w/v) di-thiothreitol (DTT), 2% (v/v) pharmalyte, and 1 mM benzamidine. The cells were then sonicated as described above and extracted by vortexing at room temperature for 1 h. Next, the lysates were subjected to centrifugation at 15,000×g for 1 h at 4°C, after which the insoluble material was discarded and the soluble fraction was saved for two-dimensional gel electrophoresis (2-DE). Protein concentrations were calculated by using the Bradford assay.

### 2D PAGE

Protein samples prepared as described above were added to 0.5% Immobilized pH gradient (IPG) buffer and re-hydrated with IPG dry strips (3\~10 NL IPG, 13 cm, GE Healthcare, Buckinghamshire, UK) for 16\~20 h. Next, isoelectric focusing (IEF) was performed on the re-hydrated samples using an Ettan IPGphor 3 (GE Healthcare) according to the manufacturer's instructions. During IEF, the voltage was increased to 8,000 V over 7 h, followed by maintenance at a constant 8,000 V for sample entry, and focusing was completed after 55 kV. Prior to the 2nd dimension separation, the isoelectric-focused strips were incubated in equilibration buffer (75 mM Tris-Cl, pH 8.8, containing 6 M urea, 2% SDS, 0.002% 1% Bromophenol blue stock solution, and 29.3% glycerol) containing 1% DTT (Sigma-Aldrich) for 15 m and then the same procedure was repeated with equilibration buffer containing 2.5% iodoacetamide (Sigma-Aldrich) for 15 m. The equilibrated strips were then fixed onto large SDS-PAGE gels (13×18 cm, 12.5%) using an agarose sealing solution. 2D-PAGE was performed using a SE600 2D system (GE Healthcare) according to the manufacturer's instructions. Briefly, 2D gels were run at 4°C 10 mA for 1.5 h, 30 mA for 3 h, and 40 mA for 2 h.

### Image analysis

Completed 2D-PAGE gels were stained using Coomassie brilliant blue R-350 (CBB; GE Healthcare) and scanned as computer images. The collected images were quantitatively analyzed by ImageMasterTM 2D Platinum 7.0 software (GE Healthcare) according to the manufacturer's instructions. The intensity of each protein spot was normalized to the total intensity of all validated protein spots. The expression of the selected protein spots had at the least a two-fold significant difference compared to control samples.

### Peptide mass fingerprinting (PMF)

Proteins were identified by peptide mass fingerprinting (PMF). Protein spots were excised, digested with trypsin (Promega, Madison, WI, USA), and mixed with α cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1% TFA for MALDI-TOF analysis (Microflex LRF 20, BrukerDaltonics, Billerica, MA, USA) as described by Fernandez et al \[[@b14-en-28-628]\]. Spectra were collected from 300 shots per spectrum over the 600\~3000 m/z range and calibrated by a two-point internal calibration using trypsin auto-digestion peaks (m/z 842.5099, 2211.1046). The peak list was generated by Flex Analysis 3.0 software, with a peak selection threshold of 500 for the minimum resolution of monoisotopic mass and 5 for S/N. Protein identification by PMF was performed using the search program MASCOT, developed by Matrix Science (<http://www.matrixscience.com/>). The following parameters were used for the database search: trypsin as the cleaving enzyme, a maximum value of one missed cleavage, iodoacetamide (Cys) as a complete modification, oxidation (Met) as a partial modification, monoisotopic mass, and a mass tolerance for peptide ion (m/z) of ±0.1 Da. PMF acceptance criteria were based on probability scoring.

Bioinformatics analysis
-----------------------

A network of associated proteins was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database version 11.0 (<http://www.string-db.org/>). The rationale and methods underlying the use of STRING are available elsewhere \[[@b15-en-28-628]\]. We used the confidence setting between network edges, where line thickness between two proteins is indicative of the strength of the data supporting the association. We activated all interaction sources including text-mining, experiments, databases, co-expression, neighborhood, gene fusion, and co-occurrences. The minimum required interaction score was set at 0.400 (medium confidence), which meant that any interaction power between two proteins that was below the level of medium confidence was excluded from our analysis.

Statistical analysis
--------------------

All data are expressed as the means±SD of three or more independent experiments. Statistical comparisons between different treatment groups were performed with the Student's t-test and one-way analysis of variance (ANOVA) followed by Tukey's honestly significant difference (HSD) test. p-values less than 0.05 were considered statistically significant.

RESULTS
=======

Knockdown of LGR5 in SH-SY5Y cells
----------------------------------

SH-SY5Y cells showed significantly higher LGR5 expression compared to human normal brain tissue ([Fig. 1A](#f1-en-28-628){ref-type="fig"}). Different concentrations of *LGR5* siRNA, ranging from 30 nM to 160 nM, were used to see if knockdown of *LGR5* could be induced selectively ([Fig. 1B and 1C](#f1-en-28-628){ref-type="fig"}). Toxic effects were observed in SH-SY5Y cells in case of both 50 nM control and *LGR5* siRNAs ([Fig. 1B](#f1-en-28-628){ref-type="fig"}). Western blotting indicated that 40 nM *LGR5* siRNA could effectively knockdown *LGR5* expression in neuroblastoma cells ([Fig. 1C](#f1-en-28-628){ref-type="fig"}). It was also confirmed that the expression of active β-catenin, cyclin D1 and c-Myc, which are proteins that are downstream of LGR5, were also significantly decreased in SH-SY5Y cells after treatment with *LGR5* siRNA compared to control siRNA ([Fig. 1D](#f1-en-28-628){ref-type="fig"}).

Identification of differentially regulated proteins after LGR5 knockdown in SH-SY5Y cells
-----------------------------------------------------------------------------------------

Proteomics was performed using 2D-PAGE to evaluate differences in the expression of intracellular proteins in neuroblastoma cells with or without *LGR5* knockdown ([Fig. 2A](#f2-en-28-628){ref-type="fig"}).

Multiple landmarks were selected for the classification of protein spots. Based on the landmarks, 12 protein spots were identified that exhibited a greater than two-fold increase or decrease in expression in SH-SY5Y cells treated with *LGR5* siRNA compared to cells transfected with control siRNA ([Fig. 2B](#f2-en-28-628){ref-type="fig"}). Detailed information, including the expression ratios of the proteins identified, is presented in [Fig. 2C](#f2-en-28-628){ref-type="fig"}).

Identification of proteins altered by LGR5 knockdown using MALDI-TOF mass spectrometry
--------------------------------------------------------------------------------------

A total of 12 protein spots altered by *LGR5* knockdown were excised and analyzed using MALDI-TOF mass spectrometry. Closely matched proteins were identified and selected based on the MASCOT database ([Fig. 3](#f3-en-28-628){ref-type="fig"}).

Among the 12 proteins identified, the expression of four proteins was increased in neuroblastoma cells with *LGR5* knockdown while the expression of eight proteins was decreased ([Fig. 2D](#f2-en-28-628){ref-type="fig"}). Specifically, the proteins with increased expression comprised tubulin-beta, heat shock protein (HSP) 90-beta, 78 kDa glucose-regulated protein precursor (GRP78), and internexin neuronal intermediate filament protein-alpha (α-internexin). On the contrary, proteins with decreased expression comprised alpha-tubulin, beta-actin, prohibitin, heterogeneous nuclear ribonucleoproteins A2/B1 (hnRNPA2B1), elongation factor Tu (EF-Tu), heterogeneous nuclear ribonucleoprotein H3 (hnRNPH3), peroxiredoxin 3, and protein disulfide isomerase family A, member 3 (PDIA3). Based on the results, we additionally identified that hnRNPA2B1 and hnRNPH3 were decreased in neuroblastoma cells after *LGR5* knockdown using western blotting ([Fig. 2E](#f2-en-28-628){ref-type="fig"}).

Protein-protein interactions associated with LGR5 in neuroblastoma cells
------------------------------------------------------------------------

Direct or indirect interactions with specific interaction types were identified among the 12 proteins that were associated with LGR5 in neuroblastoma cells ([Fig. 2F](#f2-en-28-628){ref-type="fig"}). As expected, a strong protein interaction was observed between each protein family, which included cytoskeleton proteins, HSPs, and hnRNPs. Interestingly, the HSP family exhibited strong protein interactions with cytoskeleton proteins and PDIA3. In addition, peroxiredoxin 3 was found to interact strongly with PDIA3. However, due to the lack of previous information on proteins associated with LGR5, especially in neuroblastoma cells, no significant relationships between LGR5 and the 12 differentially expressed proteins were identified.

Clinical, radiographic, and histologic characteristics of study subjects
------------------------------------------------------------------------

In the present study, we included three human tissues from normal brain, five benign meningiomas (WHO grade I), and five pituitary adenomas. Detailed information of patients and tumor samples is presented in [Table 1](#t1-en-28-628){ref-type="table"}.

Representative radiographic and histological findings of meningothelial, fibrous, and transitional meningioma, and pituitary adenoma in study subjects are shown in [Fig. 4](#f4-en-28-628){ref-type="fig"}.

LGR5 expression in human brain tumor tissue samples
---------------------------------------------------

LGR5 expression was measured in normal brain, benign meningioma, and pituitary adenoma tissues. [Fig. 5A](#f5-en-28-628){ref-type="fig"} shows differences of LGR5 protein expression, analyzed by western blotting, between normal, benign meningioma, and pituitary adenoma. It was found that LGR5 expression was significantly higher in meningioma and pituitary adenoma, compared to normal brain tissue.

Expression of LGR5 and hnRNP proteins in meningioma and pituitary adenoma tissues
---------------------------------------------------------------------------------

We also evaluated hnRNPA2B1 and hnRNPH3 expression levels in benign meningioma and pituitary adenoma tissues compared to normal brain tissue by using western blotting ([Fig. 5A](#f5-en-28-628){ref-type="fig"}). We identified significantly higher expression of hnRNPA2B1 and hnRNPH3 in benign meningioma and pituitary adenoma compared to normal. Detailed information on protein expression levels of LGR5, hnRNPA2B1, and hnRNPH3 in each meningioma and pituitary adenoma tissue sample compared to normal is presented in [Fig. 6](#f6-en-28-628){ref-type="fig"}.

The distribution of LGR5 and hnRNPH3 was identified in human normal brain and benign meningioma and pituitary adenoma with immunohistochemical analysis ([Fig. 5B](#f5-en-28-628){ref-type="fig"}). We observed that LGR5 and hnRNPH3 were co-expressed in meningioma and pituitary adenoma, indicating that both LGR5 and hnRNPs are associated with human meningioma and pituitary adenoma.

Proposed mechanisms for the role of LGR5 and hnRNPs in human meningioma and pituitary adenoma
---------------------------------------------------------------------------------------------

In considering our results, we propose a possible novel association between LGR5 and the hnRNP family in human meningioma and pituitary adenoma ([Fig. 7](#f7-en-28-628){ref-type="fig"}). The detailed mechanisms of Wnt signaling and splicing, which were not proved in the study, were referenced from previous studies \[[@b16-en-28-628]--[@b19-en-28-628]\]. R-spondin-mediated activation of LGR5 promotes Wnt/β-catenin signaling and the activation of Wnt target genes may also affect activation of the hnRNP family. This process may lead to alternative gene transcription, splicing, and post-transcriptional modification of pre-mRNA processing and result in tumorigenesis in human meningioma and pituitary adenoma.

DISCUSSION
==========

A few previous studies reported that LGR5 was related to poor prognosis or proliferation of intra-axial brain malignancy such as glioma \[[@b20-en-28-628], [@b21-en-28-628]\]. However, to the best of our knowledge, there is a lack of studies regarding the association between LGR5 and extra-axial brain tumors such as meningioma and pituitary adenoma. In addition, LGR5 is closely associated with Wnt signaling, and previous studies have reported that both meningioma and pituitary adenoma are associated with Wnt signaling \[[@b8-en-28-628], [@b9-en-28-628]\]. Therefore, we wanted to investigate the association between LGR5 and human meningioma and pituitary adenoma and confirmed that LGR5 was increased in meningioma and pituitary tumors compared with normal brain tissue ([Fig. 4](#f4-en-28-628){ref-type="fig"} and [5A](#f5-en-28-628){ref-type="fig"}). Initially, we evaluated the proteins which are associated with *LGR5* knockdown by proteomics analysis in SH-SY5Y neuroblastoma cells ([Fig. 2](#f2-en-28-628){ref-type="fig"}). We used SH-SY5Y cells for our study because they are relatively easy to obtain, widely used, and derived from an extra-axial solid tumor which originated from neuroblasts of the neural crest \[[@b22-en-28-628]\]. After we identified proteins which were related to knockdown of *LGR5* in neuroblastoma cells, we extended our experiments to human meningioma and pituitary adenoma.

In the present study, we initially identified 12 proteins in the SH-SY5Y neuroblastoma cell line that were differentially expressed following knockdown of *LGR5* ([Fig. 2D](#f2-en-28-628){ref-type="fig"}), which is an important factor associated with Wnt/β-catenin signaling \[[@b7-en-28-628]\]. In addition, we identified significantly higher hnRNP family expression, which was affected by *LGR5* inhibition in neuroblastoma cells, and human benign meningioma and pituitary adenoma tissue more than in normal human brain tissue ([Fig. 5A](#f5-en-28-628){ref-type="fig"}). Our findings led us to believe that the activation of Wnt target genes by LGR5 activation may also affect activation of the hnRNP family ([Fig. 7](#f7-en-28-628){ref-type="fig"}). This process may lead to hyperactivation of alternative pre-mRNA processing in brain tumors. To the best of our knowledge, this is the first study to demonstrate alterations in protein expression following knockdown of *LGR5* in neuroblastoma cells and the identification of representative proteins affected by LGR5 inhibition in human brain tumor tissues. To improve our understanding on the roles of the signaling proteins affected by *LGR5* knockdown in neuroblastoma, meningioma, and pituitary adenoma, it would be helpful to investigate the previously known roles of these proteins.

Activation of the Wnt/β-catenin pathway can upregulate c-myc expression \[[@b23-en-28-628]\], and a recent study suggested that hnRNP-K is a potential downstream signaling protein involved in the Wnt/c-Myc pathway \[[@b24-en-28-628]\]. Therefore, we hypothesized that down-regulation of Wnt/β-catenin signaling by *LGR5* knockdown may affect members of the hnRNP family. Based on this hypothesis and because Wnt/β-catenin is associated with meningioma and pituitary adenoma, our observations, which showed higher hnRNP in meningioma and pituitary adenoma ([Fig. 5](#f5-en-28-628){ref-type="fig"}), may be understandable \[[@b4-en-28-628]\]. Due to the lack of studies regarding the association between hnRNP and meningioma or pituitary adenoma, further study will be required to reinforce our findings. Furthermore, increasing evidence suggests that elevated hnRNPA2/B1 levels in tumors can accelerate pre-mRNA processing by promoting RNA binding, indicating a critical role of hnRNPA2/B1 in carcinogenesis, including neuroblastoma and glioblastoma \[[@b25-en-28-628], [@b26-en-28-628]\]. Similar to hnRNPA2/B1, hnRNPH3 belongs to the hnRNP subfamily and displays similar functions including gene transcription, splicing, and post-transcriptional modification of pre-mRNA \[[@b27-en-28-628]\]. Interestingly, a previous study showed that knockdown of *hnRNPA2* inhibits the Ras-MEK-ERK pathway and prevents ERK1/2 activation by epidermal growth factor \[[@b28-en-28-628]\]. Therefore, we hypothesized that decreased expression of proteins in the hnRNP family in neuroblastoma cells after *LGR5* knockdown may inhibit the Ras-MEK-ERK pathway. Indeed, the inhibition of the Ras-MEK-ERK pathway may be associated with Wnt-independent apoptosis in neuroblastoma cells, which was reported in a previous study \[[@b7-en-28-628]\]. Another study reported that high expression of RNA splicing factors is significantly associated with poor overall survival of patients with high-grade neuroblastoma, and the authors of the study suggested that key splicing factors may represent potential therapeutic targets in high-risk neuroblastoma patients \[[@b29-en-28-628]\].

*LGR5* knockdown down-regulates Wnt/β-catenin signaling in neuroblastoma \[[@b7-en-28-628]\]. In the present study, we identified two proteins (prohibitin and PDIA3) associated with Wnt/β-catenin signaling that were specifically decreased by *LGR5* knockdown in neuroblastoma cells.

We also found that *LGR5* knockdown resulted in altered expression of the cytoskeletal proteins alpha-tubulin and beta-actin. We hypothesized that the increased expression of beta-actin was a compensatory mechanism as a result of the decreased expression of alpha-tubulin after *LGR5* knockdown in order to maintain cytoskeleton structure.

Lastly, we found that expression of α-internexin was increased by *LGR5* knockdown while expression of EF-Tu and peroxiredoxin 3 was decreased. EF-Tu is associated with protein synthesis as a regulator of translational accuracy and also regulates bacterial cytoskeleton integrity \[[@b30-en-28-628], [@b31-en-28-628]\]. Peroxiredoxin 3, which is induced by oxidative stress, plays a critical role in protecting cells from cytotoxicity caused by oxidative stress, including mitochondrial dysfunction induced by reactive oxygen species \[[@b32-en-28-628]\]. α-Internexin is known as a neuron-specific intermediate filament protein and is considered to be the primary component of neuronal intermediate filaments \[[@b33-en-28-628]\].

There are limitations associated with the study. First, the initial utilization of neuroblastoma cells instead of using meningioma or pituitary adenoma cell lines may limit our findings. However, several clinical reports showed possible associations between neuroblastoma, and meningioma and pituitary adenoma. A previous study reported meningioma development after radiotherapy for an olfactory neuroblastoma at the same site \[[@b34-en-28-628]\]. The authors described that growth factor/cytokine release (such as insulin-like growth factor 1) by olfactory neuroblastoma has been linked to the oncogenesis of meningiomas \[[@b35-en-28-628]--[@b37-en-28-628]\]. In addition, previous studies have reported cases of neuroblastoma arising in the sellar region, and suggested that it mimicked a non-functioning pituitary adenoma \[[@b38-en-28-628]--[@b41-en-28-628]\]. Second, LGR5 knockdown with siRNA in SH-SY5Y neuroblastoma cells showed only approximately 50% efficiency, and this relatively low knockdown efficiency of LGR5 may affect the results. However, several studies have also reported a similar siRNA knockdown efficiency \[[@b42-en-28-628]--[@b45-en-28-628]\]. Third, there were significant differences in the LGR5 expression between each tumor sample. However, the tumor samples showing relatively low LGR5 expressions showed higher LGR5 expressions compared to normal brain samples.

In conclusion, we identified a total of 12 proteins whose expression was altered by *LGR5* knockdown in SH-SY5Y neuroblastoma cells, four were upregulated and eight were downregulated. Among the identified proteins, HSP90β is known to interact with many different proteins, while decreased expression of hnRNP subfamily proteins by *LGR5* knockdown may act to inhibit the Ras-MEK-ERK pathway, which may, in turn, induce apoptosis of neuroblastoma cells. In addition, we identified higher hnRNP family protein expression in meningioma and pituitary adenoma tissues. We think that our results may suggest a possible connection between LGR5 and its downstream signaling and neuroblastoma and brain tumors such as meningioma and pituitary adenoma. We hypothesized that activation of Wnt/β-catenin signaling by LGR5 activation may activate the hnRNP family and this process may result in hyperactivation of alternative pre-mRNA processing in human meningioma and pituitary adenoma. Indeed, given the lack of previous studies regarding the association between LGR5 and neural tumor cells, we expect that our findings may enhance understanding on the association of LGR5 and its downstream signaling proteins with neuroblastoma and possibly brain tumors.
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![Inhibition of LGR5 in SH-SY5Y neuroblastoma cells. (A) Expression of LGR5 in human normal brain (N3 of [Table 1](#t1-en-28-628){ref-type="table"}) and SH-SY5Y neuroblastoma cells. (B) Morphology of non-treated SH-SY5Y and control/*LGR5* siRNA-treated SH-SY5Y, and live cell counting graphs of each groups in % of non-treated SH-SY5Y. (C) Western blotting results of SH-SY5Y treated with different concentrations of *LGR5* siRNA (30, 40, 50, 80, and 160 nM). (D) Confirmation of *LGR5* knockdown and downregulation of Wnt/β-catenin down-signal with 40 nM *LGR5* siRNA in SH-SY5Y by western blotting.](en-28-628f1){#f1-en-28-628}

![Proteomic and bioinformatic analysis of *LGR5* knockdown in SH-SY5Y cells. (A) Coomassie brilliant blue R-350 stained gels after 2D-PAGE. Protein spots in SH-SY5Y cells after treatment with control siRNA or *LGR5* siRNA. Common landmarks of protein spots in the SH-SY5Y cells after treatment with control siRNA and *LGR5* siRNA are indicated. (B) Identification of protein spots. Protein spots exhibiting a change greater than twofold in the expression in SH-SY5Y cells treated with *LGR5* siRNA compared to control cells. (C) Detailed information of the 12 selected protein spots. (D) Proteins with increased and decreased expression after LGR5 inhibition compared to control-treated cells. (E) Identification of different expression levels of hnRNPA2B1 and hnRNPH3 in SH-SY5Y cells after treatment with *LGR5* siRNA or control siRNA by western blotting. (F) LGR5-associated protein-protein interaction network. An LGR5-associated protein-protein interaction network was constructed using a bioinformatics approach. Circles indicate LGR5 and the 12 proteins found to be associated with LGR5 in neuroblastoma cells by a proteomics approach. The thickness of the line between any two proteins represents the degree of confidence in the interaction between the two proteins, with thicker lines indicating higher confidence (left upper). The types of interactions between proteins are represented by action types and effects (right lower).](en-28-628f2){#f2-en-28-628}

![Detailed information of protein spots exhibiting a change greater than two-fold in the expression in- SH-SY5Y cells treated with *LGR5* siRNA compared to control cells. (A) Identification of proteins with a greater than two-fold increase in the expression in SH-SY5Y cells treated with *LGR5* siRNA compared to control-treated cells. (B) Identification of proteins with a greater than two-fold decrease in the expression in SH-SY5Y cells treated with *LGR5* siRNA compared to control-treated cells.](en-28-628f3){#f3-en-28-628}

![Radiographic and pathologic findings of the subjects included in the study. (A) Brain MRI of a 61-year-old male (sample number 1) with parasagittal meningioma. Histological staining of human brain tumor (sample number 1) showing features of meningothelial meningioma (original magnification×100). Scale bar: 50 μm. (B) Brain MRI of a 64-year-old female (sample number 2) with falx meningioma. Histological staining of human brain tumor (sample number 2) showing features of fibrous meningioma (original magnification×100). Scale bar: 50 μm. (C) Brain MRI of a 64-year-old female (sample number 3) with CPA meningioma. Histological staining of human brain tumor (sample number 3) showing features of meningothelial meningioma (original magnification×100). Scale bar: 50 μm. (D) Brain MRI of a 56-year-old female (sample number 4) with convexity meningioma. Histological staining of a human brain tumor (sample number 4) showing features of transitional meningioma (original magnification×100). Scale bar: 50 μm. (E) Brain MRI of a 74-year-old female (sample number 5) with falx meningioma. Histological staining of human brain tumor (sample number 5) showing features of transitional meningioma (original magnification×100). Scale bar: 50 μm. (F) Brain MRI of a 51-year-old female (sample number 6) with pituitary adenoma. Histological staining of human brain tumor (sample number 6) showing features of pituitary adenoma (original magnification×200). Scale bar: 50 μm. (G) Brain MRI of a 42-year-old female (sample number 7) with pituitary adenoma. Histological staining of human brain tumor (sample number 7) showing features of pituitary adenoma (original magnification×200). Scale bar: 50 μm. (H) Brain MRI of a 51-year-old male (sample number 8) with pituitary adenoma. Histological staining of human brain tumor (sample number 8) showing features of pituitary adenoma (original magnification×200). Scale bar: 50 μm. (I) Brain MRI of a 38-year-old male (sample number 9) with pituitary adenoma. Histological staining of human brain tumor (sample number 9) showing features of pituitary adenoma (original magnification×200). Scale bar: 50 μm. (J) Brain MRI of a 53-year-old female (sample number 10) with pituitary adenoma. Histological staining of human brain tumor (sample number 10) showing features of pituitary adenoma (original magnification×200). Scale bar: 50 μm. MRI, magnetic resonance imaging; CPA, cerebellopontine angle.](en-28-628f4){#f4-en-28-628}

![Expression of LGR5, hnRNPA2B1, and hnRNPH3 proteins in human normal, benign meningioma, and pituitary adenoma tissues, and immunohistochemistry for LGR5 and hnRNPH3 in meningioma and pituitary adenoma tissues with immunofluorescence confocal microscopy. (A) Comparison of expression levels of LGR5, hnRNPA2B1, and hnRNPH3 between normal, benign meningioma, and pituitary adenoma by western blotting. (B) Confocal images of the human normal brain (top), meningioma (middle) and pituitary adenoma (bottom) tissues stained with antibodies against LGR5 (green) and hnRNPH3 (red). Scale bar: 20 μm. The number of LGR5^+^/hnRNPH3^+^ cells per DAPI positive cells and hnRNPH3^+^ cells per LGR5 positive cells was counted and expressed as %.](en-28-628f5){#f5-en-28-628}

![Detailed information on expression levels of LGR5, hnRNPA2B1, and hnRNPH3 in each human benign meningioma and pituitary adenoma tissue sample compared to normal samples. (A) LGR5, (B) hnRNPA2B1, and (C) hnRNPH3.](en-28-628f6){#f6-en-28-628}

![Proposed mechanisms for the role of LGR5 and hnRNP in human meningioma and pituitary adenoma. The left panel shows the OFF state of the canonical Wnt/β-catenin signaling. R-spondin-mediated activation of LGR5 promotes Wnt/β-catenin signaling (right panel). This process leads to stabilization of β-catenin, which interacts with TCF/LEF proteins in the nucleus and together they activate Wnt target genes. We suggest that activation of Wnt target genes may also affect activation of the hnRNP family. This process may lead to hyperactivation of alternative gene transcription, splicing, and post-transcriptional modification of pre-mRNA processing in human meningioma and pituitary adenoma.](en-28-628f7){#f7-en-28-628}

###### 

Patient description and tumor sample characteristics

  Sample    Sex                       Age   Tumor type                          Location              Sample Concentration (μg/μl)   Sample volume (μl)   Ki-67 index   p53   Underlying disease
  --------- ------------------------- ----- ----------------------------------- --------------------- ------------------------------ -------------------- ------------- ----- --------------------
  N1        M                         66    Normal brain (human adult)          Whole brain           4.47                           150                                      
  N2        M                         57    Normal brain (human adult)          Whole brain           4.32                           150                                      
  N3        M                         82    Normal brain (human adult)          Whole brain           4.89                           150                                      
  Group 1   Meningioma, WHO grade I                                                                                                                                           
  1         M                         61    Meningioma, meningothelial          Parasagittal, right   28.62                          110                  \<1%          (−)   Alcohol, smoking
  2         F                         64    Meningioma, fibrous                 Falx, right           29.13                          200                  1\~2%         (−)   (−)
  3         F                         64    Meningioma, meningothelial          CPA, right            23.01                          100                  1%            (−)   (−)
  4         F                         56    Meningioma, transitional            Convexity, right      41.67                          600                  \<1%          15%   HTN, DM
  5         F                         74    Meningioma, transitional            Falx, both            30.99                          400                  \<1%          30%   (−)
  Group 2   Pituitary adenoma                                                                                                                                                 
  6         F                         51    Pituitary adenoma                   Pituitary gland       19.47                          100                  \<1%          1%    (−)
  7         F                         42    Pituitary adenoma, ACTH producing   Pituitary gland       17.94                          90                   \<1%          1%    Cushing disease
  8         M                         51    Pituitary adenoma                   Pituitary gland       20.19                          110                  \<1%          (−)   DM
  9         M                         38    Pituitary adenoma                   Pituitary gland       20.31                          50                   1%            1%    (−)
  10        F                         53    Pituitary adenoma                   Pituitary gland       18.00                          90                   \<1%          5%    (−)

WHO, world health organization; CPA, cerebellopontine angle; HTN, hypertension; DM, diabetes mellitus; ACTH, adrenocorticotropic hormone.

[^1]: These authors contributed equally to the work.
